A comprehensive set of 600 experimental standard enthalpies of formation (⌬H f 0 ) is presented. With its diverse species, many possessing less usual geometries and bonding situations, this compilation is capable of uncovering deficiencies in approaches of quantum chemistry that are not detectable with smaller sets of ⌬H f 0 values. Its usefulness in benchmarking, calibration, and parametrization of new electronic structure methods is illustrated with the development of the B3LYP/6-311ϩϩG** bond density functional scheme. This scheme, which is sufficiently inexpensive in terms of computer time and memory to allow predictions even for molecules as large as the C 60 fullerene, requires only single point calculations at optimized geometries. It yields values of ⌬H f 0 with the average absolute error of 3.3 kcal/mol, rivaling more expensive methods in accuracy ͑especially for larger systems͒. A list of species that are poorly handled by a typical hybrid density functional used in conjunction with a moderate-size basis set is given. This list is intended for rigorous testing of new density functionals.
I. INTRODUCTION
The last decade of the twentieth century has witnessed extraordinary progress in electronic structure theory and its applications. Energies of small molecules, ions, and radicals are now routinely predicted within 1 kcal/mol, while quantum-chemical calculations on medium-size organic species that were once the domain of semiempirical methods are now dominated by ab initio approaches, which are also making inroads into modeling of small peptides and other biologically important systems. These impressive strides have been made possible by a confluence of substantial gains in hardware performance, efforts directed toward improvements in the computational economy of software, and the development of new formalisms.
The new formalisms of electronic structure theory, such as extrapolative approaches that aim at predicting thermochemical data with chemical accuracy, 1-3 density functionals of increasing sophistication, 4,5 and semiempirical methods, 6, 7 are emerging at a rapid pace. Benchmarking, calibration, and parametrization of those formalisms call for extensive calculations, in which the computed properties are compared with their experimental counterparts for a large number of chemical systems. Test sets of standard enthalpies of formation (⌬H f 0 ) that enable quantitative assessments of the accuracy of thermodynamic predictions are of particular interest. Several such sets have been published in the chemical literature. For instance, large compilations of experimentally determined values of ⌬H f 0 were employed in parametrizations of semiempirical methods such as PM3. 8, 9 Those compilations were later augmented with new data pertaining to compounds of a few additional elements. [10] [11] [12] On the other hand, the old values of ⌬H f 0 have never been updated for compounds of elements such as boron. 13, 14 In 1991, a test set consisting of 55 dissociation energies, 38 ionization potentials ͑IPs͒, 25 electron affinities ͑EAs͒, and 7 proton affinities ͑PAs͒ was published. 15 This ''G2-1 set'' 1 was subsequently revised and appended with more data. The resulting ''extended G2 neutral molecule test set'' of 148 ⌬H f 0 values 16 has been employed in parametrizations of new density functionals 4,5 as well as ͑with a corrected standard enthalpy of formation of COF 2 ) in assessments of the B3LYP/6-311ϩϩG(3d f ,2p) level of theory and various extrapolative methods of the G2 and CBS families. 17 A further augmentation with 88 IPs, 58 EAs, and 8 PAs produced the G2/97 test set of 302 energies, 18 which found an immediate use in parametrizations of the G3, 1 G3͑MP2͒, G3//B3LYP, and G3͑MP2͒//B3LYP 2 approaches. 19 Other, less extensive test sets are also available. Predictions of the G2, G2͑MP2͒, CBS-4, and CBS-Q methods were compared with the values of ⌬H f 0 determined experimentally for 166 molecules, radicals, anions, and cations. 20 A compilation of analogous data for a large number of diverse hydrocarbons was also published. 21 Needless to say, successful development and implementation of new electronic structure methods hinges upon the availability of test sets comprising reliable experimental values of ⌬H f 0 of chemical species with diverse bonding situations. Unfortunately, none of the aforementioned compilations is suitable for serving as such a test set. On one hand,-although the tables assembled in the process of parametrization of semiempirical methods contain diverse compounds, the quality of the quoted data is often substandard. On the other hand, the data included in the G2/97 test set is highly reliable but too narrow in scope to be useful for evaluating the performance of quantum-chemical methods in calculations on ''less usual'' and/or larger-size species. The implications of this lack of diversity are well illustrated by the recent studies that have uncovered large errors in the standard enthalpies of formation of hypervalent species such as PCl 5 , SF 6 , and H 2 SO 4 predicted by density functional theory ͑DFT͒ methods, which otherwise perform reasonably well even for the ''difficult'' molecules such as O 3 . 6, 22, 23 As parametrization of density functionals and extrapolative methods will almost certainly remain a viable option for the reduction of residual errors in the treatment of electron correlation, 24 the need for a single source of reliable data pertaining to a large number of chemical species is quite urgent.
A compilation addressing this need is presented here.
II. DATA ACQUISITION AND ORGANIZATION
The process of gathering the data compiled in Table I involved several stages. First, in light of the scarcity of reliable experimental values of ⌬H f 0 for compounds of heavier elements, 25 it was decided at the commencement of this project that only the species containing the first-and secondrow elements should be included in the test set. A massive literature search was then undertaken, in which the previously published compilations [8] [9] [10] [11] [12] [13] [14] 16, 20, 21 were employed as the initial source of entries. Almost immediately, the search revealed a disturbingly high incidence of incorrect data in many of the older publications. [8] [9] [10] [11] [12] [13] [14] Rather surprisingly, in most cases this problem was found not to stem from an inadequate accuracy of experimental values but from trivial mistakes and omissions such as typographic errors, incorrect literature citations, wrong conversion factors, unreasonable assumptions and circular arguments employed in the treatment of experimental data, the unjustified use of bond additivity schemes, occasional confusion about the reference states for elements, and a common failure to make the distinction between two thermodynamic conventions for the electron. Many of these mistakes were uncovered even in such widely used references as the JANAF tables, 26 where they propagate undisturbed from one edition to another.
Second, in the process of data acquisition and verification, over 100 literature sources were consulted. In all instances, the original experimental data were carefully evaluated for reliability. Third, where necessary, the values of ⌬H f 0 were corrected to ensure the adherence to ''the ion convention'' ͑''the stationary electron convention''͒, according to which the standard enthalpy of the electron is set to zero. Similarly, some older data were adjusted to conform to the commonly used reference states of the elements, 27 i.e., white phosphorus for P and orthorhombic crystalline sulfur for S. Values of ⌬H f 0 derived from standard enthalpies of protonation/deprotonation, ionization potentials, electron affinities, and standard enthalpies of other processes were recalculated to ensure their consistency with the data for the auxiliary species included in the test set.
The resulting compilation of the standard enthalpies of formation of 600 species is presented in Table I . The test set comprises 514 neutrals ͑452 singlets, 51 doublets, and 11 triplets͒, 55 anions ͑51 singlets, 3 doublets, and 1 triplet͒, and 31 cations ͑27 singlets and 4 doublets͒. The entries in Table I , and others, have been included in the present set in order to ensure diversity of electronic structures and bonding situations. For the same reason, several data for hypervalent molecules, ions, and radicals of sulfur, phosphorus, and chlorine have been admitted into this compilation. The scarcity of accurate values of ⌬H f 0 is particularly acute for compounds of lithium ͑8 entries͒, beryllium ͑8 entries͒, boron ͑20 entries͒, sodium ͑18 entries͒, magnesium ͑6 entries͒, and aluminum ͑16 entries͒. For these compounds and for those of phosphorus and silicon, the experimental errors are often quite large despite the deliberate selection of only the most reliable values from among the available data. In a few cases, the errors are simply not available and as such are marked ''n/a'' in Table I .
III. EXAMPLE OF APPLICATION: PARAMETRIZATION AND ASSESSMENT OF B3LYPÕ6-311¿¿G** BOND DENSITY FUNCTIONAL SCHEMES
In the bond density function ͑BDF͒ approach, the standard enthalpy of formation ⌬H f 0 (X) of a species X is approximated by
where E(X), Q(X), and N S (X) are, respectively, the total energy, the charge, and the number of unpaired electrons in X. 6 In Eq. ͑1͒, the first sum runs over all the nuclei present in X and the second one over all the attractor interaction lines I -J that connect them. The quantities e Q and e S , as well as the atomic equivalents e 1 (Z) that depend on the nuclear charge of this function is unknown, e 2 is approximated by an empirical expression that involves parameters determined with the aforementioned fitting procedure. The BDF scheme offers several distinct advantages over other approaches to the estimation of standard enthalpies of formation. First of all, it does not require the knowledge of either the zero-point energy or the thermal correction, eliminating the need for costly vibrational frequency calculations. Second, it is universally applicable to all species composed of a given set of elements, regardless of the presence of particular types of bonds or even the existence of a Lewis structure. Moreover, it is well defined, as the attractor interaction lines and the bond critical points are entirely determined by the properties of electron density. In these respects, the BDF method constitutes a substantial improvement over the bond additivity corrections that, although reducing the errors in the predicted values of ⌬H f 0 , rely on the identifica- of formation. 6 For example, at the B3LYP/6-311G** level of theory, the average absolute error of 6.6 kcal/mol in the values of ⌬H f 0 obtained with the modified atom-equivalent scheme,
is almost halved to 3.4 kcal/mol upon the inclusion of a five-term BDF. The main contributors to this residual error are anions with localized charges, which are poorly described by the basis set that lacks diffuse functions, and several species with inaccurate experimental data that were included in the original 300-member training set.
These encouraging results have prompted us to develop a more accurate B3LYP/6-311ϩϩG** scheme, with the present compilation of standard enthalpies of formation being employed as the training set. Accordingly, total energies of the 600 species listed in Table I were computed at their optimized geometries with the GAUSSIAN 94 suite of programs. 133 The fitting process and the forms of the BDFs were identical to those described previously. 6 The resulting parameters of the modified atom-equivalent scheme ͓Eq. ͑2͔͒ are listed in Table II . As expected, 6, 22, 23, 134 stabilities of hypervalent species are grossly underestimated, whereas the computed standard enthalpies of formation of polyhalogenated compounds with normal valences are often too low ͑Table III͒. The overall average absolute error and the standard deviation equal 7.7 and 11.8 kcal/mol, respectively. The errors for individual species range from Ϫ35.0 to 91.4 kcal/ mol, the largest absolute deviation between the computed and experimental values of ⌬H f 0 being observed for Cl 2 O 7 . One out of four predictions suffers from an absolute error in excess of 10 kcal/mol ͑Table IV͒.
These errors reflect three deficiencies of the B3LYP/6-311ϩϩG** modified atom equivalent scheme, namely the semiempirical inclusion of zero-point energies and thermal corrections, the modest size of the basis set, and the inaccuracy of the B3LYP functional itself. In light of the previously published study, the elimination of the first deficiency is expected to improve the computed standard enthalpies of formation only marginally. 6 On the other hand, there is some evidence that the inclusion of more polarization functions in the basis sets may lead to substantially better ͑although still not sufficiently accurate͒ predictions for hypervalent species. 17, 22, 23 However, such calculations are presently not feasible for larger systems, including many of those listed in Table I .
Inspection of Table IV reveals that a practical route to improving the accuracy of the computed values of ⌬H f 0 is offered by the BDF approach. Both the average absolute error and the standard deviation decrease steadily with the number of terms in BDF. In particular, the five-term BDF,
affords standard enthalpies of formation with the average absolute error of 3.3 kcal/mol and the standard deviation of 5.1 kcal/mol ͑Table IV͒. The parameters e Q and e S are much smaller in magnitude than those of the modified atom equivalent scheme ͑Table V͒, reflecting an improved handling of ions and radicals. Out of the 600 species, 270 ͑45% of the total͒ have their enthalpies predicted within 2 kcal/mol from the experimental values, while the predictions for 356 ͑59% of the total͒ species fall within 3 kcal/mol. The errors exceed 5 kcal/mol only in 123 ͑21% of the total͒ cases.
The set of systems for which the five-term BDF scheme fares poorly, yielding enthalpies with errors greater than 10 kcal/mol, comprises 26 species ͑Table VI͒. It is dominated by molecules containing either aluminum atoms and/or multiple fluorines. It is unclear at present whether these systems represent cases where the BDF methodology fails or, more probably, instances of grossly inaccurate experimental values of ⌬H f 0 . Resolution of these discrepancies calls for revisiting the published thermochemical data and thus new calorimetric experiments.
IV. DISCUSSION AND CONCLUSIONS
The comprehensive set of experimental standard enthalpies of formation presented in this paper is certain to facilitate benchmarking, calibration, and parametrization of electronic structure methods. With its diverse molecules, many possessing unusual geometries and bonding situations, the present set is capable of uncovering deficiencies in approaches of quantum chemistry that are not detectable with smaller compilations of data. These deficiencies can often be alleviated with additional/revised parameterization.
An example of such a methodology is provided by the development of the B3LYP/6-311ϩϩG** bond density functional ͑BDF͒ scheme. The set of atoms, molecules, and ions listed in Table III , for which the original B3LYP/6-311ϩϩG** level of theory produces unacceptably large errors in the predicted values of ⌬H f 0 , contains the species that are poorly handled by a typical hybrid density functional used in conjunction with a moderate-size basis set. As such, it is suitable for a rigorous testing of new functionals.
The B3LYP/6-311ϩϩG** BDF method, defined by Eqs. ͑1͒, ͑3͒, and the parameters listed in Table V , affords accurate estimates of ⌬H f 0 for a majority of the members of the test set. It is sufficiently inexpensive in terms of computer time and memory to allow predictions of standard enthalpies of formation even for molecules as large as the C 60 fullerene. It requires only single point calculations at optimized geometries, yielding values of ⌬H f 0 with the averageabsolute error of 3.3 kcal/mol and thus rivaling more expensive methods in accuracy ͑especially for larger systems͒.
Still, this scheme could possibly be refined even further, especially in order to reduce errors observed for molecules such as H 2 , N 2 , C 2 H 2 , and H 2 F 2 .
It appears that the experimental data for at least some of the 26 species listed in Table VI are of suspect quality. As such, they may be omitted from the test set, although at the expense of a reduced diversity in the remaining systems. 
